Autophagy is involved in the secondary damage associated with spinal cord injury (SCI), however, the role of autophagy remains to be elucidated. There are no reports regarding changes in autophagy after methylprednisolone (MP) treatment after acute SCI. In the present study, we examined changes in autophagy and apoptosis and explored the possible relationship between autophagy and apoptosis. We found that SCI produced by clamp force in rats caused apoptotic cell death in the injured area at different time points and MP treatment could significantly decrease the number of apoptotic cells; we also found that SCI could induce an increase in autophagy in the injured area and both neurons and astrocytes were co-stained with autophagic biomarkers, including microtubuleassociated protein light chain-3 and Beclin-1, and an apoptotic biomarker, cysteinyl aspartate specific proteinase-3; MP treatment could also promote the locomotor recovery after SCI. The results suggest an increase in autophagy after MP treatment may be a neuroprotective mechanism via inhibition of apoptosis.
Introduction
Spinal cord injury (SCI) oen results in permanent neurologic decits, whose outcome depends on the extent of secondary damage produced by a series of cellular and molecular events initiated by the primary trauma, including inammation, edema, ischemia hemorrhage, electrolyte imbalance, arachidonic acid release, glutamate excitotoxicity, apoptosis and lipid peroxidation leading to membrane lysis. [1] [2] [3] [4] [5] [6] Apoptosis, or programmed cell death type-I, induced through multiple mechanisms such as oxidative stress, activation of death receptor tumor necrosis factor-a, expression of death receptor ligand FAS and caspase activation, may play a pivotal role in secondary SCI. 2, 3, [7] [8] [9] [10] [11] [12] [13] Another type of programmed cell death-autophagic cell death is also involved in the secondary damage associated with SCI. [14] [15] [16] [17] [18] [19] [20] However, whether the function of autophagy is protective or detrimental in SCI remains to be elucidated.
One of the aims of current therapies is to reverse the posttraumatic cell death caused by SCI to preserve the remaining intact structure and function of spinal cord. 15 Methylprednisolone (MP) has been used as the drug treatment of choice for more than a decade in humans suffering from an SCI, although some debates have recently arisen. 21 J. Vaquero et al. found that early administration of a single bolus of MP decreased apoptotic cell death aer SCI. 21 As to changes in autophagy aer administration of MP for treatment of acute SCI, Chen et al. adopted a contusion SCI model and observed an inhibition in autophagy expression with MP treatment in neurons soon aer contusion injury. 22 However, whether autophagic cell death is benecial or detrimental aer SCI remain to be determined.
This study used an animal model of SCI produced by clamp force in adult rats to determine the effects of MP treatment on apoptosis and autophagy expression.
Experimental design
A total of 216 adult male Sprague-Dawley rats weighing 280-320 g were divided into three groups randomly: SCI (SCI, n ¼ 72), SCI with intraperitoneal injection of saline (saline, n ¼ 72) and SCI with intraperitoneal injection of MP (MP, 30 mg kg À1 body weight, n ¼ 72). All rats, except those used in the behavioral tests, were sacriced at 6 h, 24 h or 72 h aer SCI. For hematoxylin and eosin (HE) staining, terminal deoxyribonucleotidyl transferase (TdT)-mediated biotin-16-dUTP nick-end labeling (TUNEL) staining and immunohistochemical analysis, 54 (18 for each group) rats were perfused transcardially with 4% paraformaldehyde in phosphate-buffered saline (PBS) at 6 h, 24 h or 72 h aer SCI. Specimens were removed, further xed at 4 C overnight; for western blotting, 54
(18 for each group) rats were perfused transcardially with saline and then specimens were removed and preserved in À80 C freezer; for EM, 54 (18 for each group) rats were perfused transcardially with 2.5% glutaraldehyde and 2.5% paraformaldehyde in 0.1 mmol L À1 cacodylate buffer (pH 7.4) and then specimens were post-xed in the same xatives for 24 h; 54 (18 for each group) rats were used for behavioral assessment.
SCI induction
Rats were anaesthetized with an intraperitoneal injection of 10% chloral hydrate (3.3 ml kg À1 body weight) and then xed in the prone position. A T5-T9 midline skin incision was made, and the paravertebral muscles were dissected. From T6 to T8, the spinous processes were removed, and a laminectomy was performed. The dura was le intact. An aneurysm clip with a 70 g closing force (Yasargil FE 721, Aesculap, Germany) was applied to the T7 level of the spinal cord for 1 min. 23, 24 At the end of the procedure, the clip was removed, and the surgical wound was closed in layers with silk sutures. The drugs were administered intraperitoneally immediately aer the wound was closed. Bladders were expressed twice a day until spontaneous voiding began.
HE staining
Rats were subjected to deep anesthesia by 10% chloral hydrate. At 6 h, 24 h and 72 h aer SCI, all rats were perfused transcardially with 4% paraformaldehyde in PBS. Specimens were removed, further xed at 4 C overnight, and immersed in 30%
sucrose/PBS at 4 C overnight. Specimens were mounted in OCT. Serial sections were obtained using a cryostat and stained with toluidine blue for 30 min and then 2-3 drops of glacial acetic acid. Once the nucleus and granulation were clearly visible, sections were mounted in Permount or Histoclad. Sections were cut in a microtome and adhered to glass slides with polylysine. Images of the ipsilateral hippocampus were captured at 200Â by using a microscope (Nikon Labophot; Nikon USA, Melville, NY).
TUNEL staining
TUNEL staining was used to detect cell death of injured spinal cord. A TUNEL assay was performed according to the manufacturer's directions by using an In Situ Cell Death Detection Kit (Roche, USA). In brief, sections were washed for 30 min, 10 min each. Then, sections were incubated in 0.1% Triton-X and 0.1% sodium citrate, and rinsed three times with PBS for 10 min each time. Sections were incubated in 0.3% H 2 O 2 in PBT for 30 min to inhibit endogenous peroxidase activity and then rinsed with PBS. Sections were then incubated with 50 ml TUNEL reaction mixture (In Situ Cell Death Detection Kit, Fluorescein, Roche, USA) in a humidied atmosphere for 60 min at 37 C in the dark. Then, sections were rinsed three times with PBS. Sections were then observed under a uores-cence microscope (Nikon TE300, Japan). Negative control was carried out by incubating sections in 50 ml of label solution without terminal transferase instead of TUNEL reaction mixture per well. 4,6-Diamino-2-phenyl indole (DAPI) staining was used for total cell count. At least ten randomly selected microscopic elds were used for counting the TUNEL-positive cells (400Â magnications). Cell counting was conducted by an investigator blinded to the group conditions. The average number of TUNEL-positive cells of total cell number in 10 microscopic elds per section was evaluated as cell death index.
Immunohistochemical analysis
The 4 mm-thick formalin-xed OCT-embedded sections were subjected to immuno-uorescence analysis to determine the immunoreactivity of cysteinyl aspartate specic proteinase-3 (Caspase-3), microtubule-associated protein light chain-3 (LC3) and Beclin- From each brain, ten microscopic elds per section from ve to eight brain sections separated by at least 150 mm were photographed using a random number generator for counting the LC3 and Beclin-1-positive cells (400Â magnica-tions, Nikon TE300, Japan).
Immunouorescent double labeling
Double immunouorescence was used to identify expression of cell type markers in autophagic biomarker-positive and apoptotic biomarker-positive cells. The expression of neuronal nuclei (NeuN) and glial brillary acidic protein (GFAP) were determined for neurons and astrocytes, respectively. The primary antibodies for immunouorescence were mouse antirat NeuN (1 : 200, Santa Cruz Biotechnology), mouse anti-rat GFAP (1 : 100, Santa Cruz Biotechnology), rabbit anti-rat LC3 (1 : 200, Santa Cruz Biotechnology), rabbit anti-rat Beclin-1
(1 : 200, Santa Cruz Biotechnology) and Caspase-3 (1 : 200, Cell Signaling Technology). The sections were incubated with a primary antibody in PBS with 1% bovine serum albumin for 30-40 min at room temperature followed by washing and application of secondary antibodies. The secondary antibodies were Alexa Fluor 568 goat anti-mouse for NeuN and GFAP (Invitrogen, Carlsbad, CA, USA), and Alexa Fluor 488 goat antirabbit for LC-3, Beclin-1 and Caspase-3 (Invitrogen). We performed double labeling for NeuN and GFAP/LC-3, Beclin-1 or Caspase-3 to localize expression of LC-3, Beclin-1 and Caspase-3. Aer nal wash, sections were protected with cover slips with anti-fading mounting medium sealed with nail polish and stored at 4 C for preservation.
Western blot analysis
The frozen spinal cord was mechanically lysed in 20 mM Tris (pH 7.6), containing 0.2% sodium dodecyl sulfate (SDS), 1% Triton X-100, 1% deoxycholate, 1 mM phenylmethylsulfonyl uoride, and 0.11 IU ml À1 aprotinin (all purchased from SigmaAldrich, Inc.). The lysates were centrifuged at 12 000g for 20 min at 4 C. The protein concentration was estimated by the Bradford method. The samples (60 mg per lane) were separated by 12% SDS polyacrylamide gel electrophoresis and electrotransferred onto a polyvinylidene-diuoride membrane (BioRad Lab, Hercules, CA). The membrane was blocked with 5% skimmed milk for 1 h at room temperature and incubated with primary antibodies against LC-3 and Beclin-1 (1 : 1000 dilutes, both from CST), Caspase-3 (1 : 500, Abcom), Bcl-2 (1 : 1000, Santa Cruz Biotechnology), Bax (1 : 1000, Santa Cruz Biotechnology) and p62 (1 : 1000, CST) at 4 C overnight. b-Actin (diluted in 1 : 50 000, Sigma-Aldrich) was used as the loading control. Aer the membrane was washed three times in TBS + Tween-20 (TBST) for 10 min each, it was incubated in the appropriate horseradish peroxidase-conjugated secondary antibody (diluted 1 : 10 000 in TBST) for 2 h. Then, the membrane was washed three times in TBS + Tween-20 (TBST) for 10 min each. The blotted protein bands were visualized by enhanced chemiluminescence western blot detection reagents (Millipore, IL) and exposed to X-ray lm. The developed lms were digitized using an Epson Perfection 2480 scanner (Seiko Corp, Nagano, Japan). The results were quantied by Quantity One Soware (BioRad) and normalized to a loading control, bactin. Values from SCI group were used as 100%.
Transmission electron microscopy
For electron microscopy, injured spinal cords were xed in phosphate-buffered glutaraldehyde (2.5%) and osmium tetroxide (1%). Dehydration of the samples was accomplished in acetone solutions at increasing concentrations. The tissue was embedded in an epoxy resin. Semi-thin (1 mm) sections of the samples were then made and stained with toluidine blue. Then, 600Å-thin sections were made from a selected area of tissue dened by the semi-thin section, and these sections were stained with lead citrate and uranyl acetate. The ultrastructure of the sections was observed under a transmission electron microscope (JEM-1200X). From each brain, ve to eight 13 500Â elds from ve to eight brain sections were chosen for analysis.
Behavioral testing
Two weeks before surgery, all rats were trained to adapt to a standardized open eld (a molded plastic tube with a smooth oor, 900 mm in diameter with a wall height of 70 mm). 25 25, 26 Experienced handlers placed the rats in the center of the eld, where they were observed for 4 min, and then placed back in their cages. All experiments were performed in a double-blind manner.
Statistical analysis
All data are presented as the mean AE standard error of mean (SEM). SPSS 17.0 (SPSS Inc., Chicago, IL) was used for statistical analysis of the data. All data, including biochemical changes in autophagy and apoptosis and the TEM results, were subjected to a one-way analysis of variance (ANOVA) followed by Bonferroni's post hoc test. The behavioral outcomes, evaluated with BBB scores, were subjected to a two-way ANOVA. Statistical signicance was inferred at p < 0.05.
Results

HE staining
In injured rats, paraplegia was observed immediately aer SCI and there were no signs of complete functional recovery throughout the entire follow-up period. Zones of microhemorrhages, tissue edema and signs of neurodegeneration were detected throughout the entire follow-up period. However, in the MP-treated animals, a lesser degree of tissue edema was observed in the zone of lesion (Fig. 1 ).
3.2 MP treatment could decrease apoptotic cell death aer SCI 3.2.1 TUNEL assay. Clamp force could induce apoptotic cell death in the zone of lesion. Saline administration had no effect on the expression of apoptosis aer SCI. At 6 h aer SCI, quantity of TUNEL-positive cells in the injured spinal cord was signicantly lower in MP group compared with rats in saline group (9.2 AE 0.8 vs. 15.7 AE 0.8, p < 0.001); at 24 h and 72 h aer SCI, number of TUNEL-positive cells in the injured spinal cord was increased in all three groups. However, quantity of TUNELpositive cells in MP group was still fewer than that in saline group. (13.8 AE 1.4 vs. 27.3 AE 1.5, p < 0.0001; 18.8 AE 2 vs. 30.7 AE 2.1, p < 0.0001, respectively). (Fig. 2) .
Western blot of Caspase-3.
There was no signicant difference in cleaved Caspase-3 immunoreactivity between saline group and SCI group. At 6 h aer SCI, the cleaved Caspase-3 immunoreactivity was 116.9% AE 2.8% and 82.8% AE 3.9% (p < 0.05; saline vs. MP); at 24 h and 72 h aer SCI, MP could still signicantly decrease the immunoreactivity of Caspase-3 (79.4% AE 4.7% vs. 117.9% AE 2.8%, p < 0.01; 89.6% AE 3.3% vs. 110.6% AE 2.9%, p < 0.05; MP vs. saline). (Fig. 3 ).
MP treatment activates autophagy
Immunohistochemical staining of LC3 and Beclin-1 was adopted to assess the inuence of MP treatment on autophagy at each time point. Saline administration had no effect on the expression of LC3 and Beclin-1. The number of cells expressing LC3 and Beclin-1 were increased in MP group compared with the SCI group and saline group at each time point (Fig. 4 and 5) .
To investigate the role of MP treatment on autophagy, western blots of LC3-II expressions were performed. Saline administration had no effect on the expression of LC3-II. Compared with saline group, MP treatment could signicantly increase the LC3-II expression at each time point (6 h: 135.8% AE 4.2% vs. 79.5% AE 3.4%; 24 h: 125.6% AE 2.9% vs. 105.8% AE 3.1%; 72 h: 138.6% AE 3.6% vs. 109.6% AE 4.1%; MP vs. saline). (Fig. 3) .
The appearance of autophagosomes (APs) and autolysosomes (ALs) under transmission electron microscopy is a morphologic hallmark unique to autophagy. Acute SCI could induce ultrastructural changes including accumulation of APs, ALs and mitochondrial swelling. Saline administration had no effect on the accumulation of APs and ALs. Number of APs and ALs was signicantly increased aer MP treatment compared with SCI group and saline group (6 h: 7.8 AE 0.8 vs. 4.2 AE 0.7; 24 h: 6.5 AE 0.9 vs. 3.5 AE 0.4; 72 h: 4.5 AE 0.6 vs. 2.8 AE 0.3; MP vs. saline) (Fig. 6) 
MP treatment activates "autophagic ux"
The protein p62 is a substrate of the autophagic process, and its expression level is a marker of autophagic ux in vivo. 27 Western Fig. 6 Electron micrographs of autophagy-related vesicular compartments. Scale bar is 2 mm. Arrows indicate the autophagosomes and autolysosomes. *p < 0.05; **p < 0.01.
blot of p62 was used to analyze the degree of autophagic ux. Saline administration had no effect on autophagic ux aer SCI. Compared with saline group, MP treatment could signi-cantly increase the p62 expression at each time point (6 (Fig. 3) .
Autophagy and apoptosis occur in both neurons and astrocytes
To study the location of autophagy and apoptosis, immunohistochemical staining of Beclin-1, LC3, Caspase-3 and other markers (such as NeuN, which indicates neurons and GFAP, which indicates astrocytes) was performed. Both autophagy and apoptosis were co-localized with neurons and astrocytes. (Fig. 7,  8 and 9 ).
Relationship between autophagy and apoptosis
To investigate the relationship between autophagy and apoptosis, western blots were performed to assess the ratio of Beclin-1/Bcl-2 and Bcl-2/Bax. Belin-1/Bcl-2 indicates the activation of autophagy and Bcl-2/Bax reects the apoptosis. Saline administration had no effect on the changes of autophagy and apoptosis. MP could signicantly up-regulate the ratio of Beclin-1/Bcl-2 and down-regulate the ratio of Bcl-2/Bax at each time point. (Fig. 10 ).
MP treatment activates the recovery of behavioral function
BBB score was used to evaluate the effects of MP treatment in behavioral function of rats aer SCI at different time points (control, 3 d, 7 d, 14 d, 21 d) . Saline administration had no effect on the recovery of behavioral function. In the MP group, the averages of total BBB scores were signicantly higher than those in the SCI group and saline group. SCI could induce the severe impairments in the behavioral function of rats. At 3 d aer SCI, BBB score of rats in MP group was 1.5 AE 0.3, signicantly higher than those in SCI group and saline group (p < 0.05). Behavioral function of rats gradually recovered in the follow-up period. At 21 d aer SCI, BBB score of rats in MP group increased to 6.5 AE 0.3, still signicantly higher than those in other two groups (p < 0.001). (Fig. 11) . 
Discussion
In present study, we found that SCI produced by clamp force in rats caused apoptotic cell death in the injured area at different time points aer SCI and MP treatment could signicantly decreased the number of apoptotic cells; we also found that SCI could induce an increase in autophagy in the injured area and both neurons and astrocytes were co-stained with autophagic biomarkers, including LC3 and Beclin-1, and an apoptotic biomarker, Caspase-3. MP treatment could promote the locomotor recovery aer SCI. The results suggest that an increase in autophagy aer MP treatment may be a neuroprotective mechanism. In a previous study, apoptosis following SCI was shown in neurons and glial cells in the zone of lesion 1 h aer trauma; between 4 and 8 h post-injury, the number of apoptotic cell increased.
28 TUNEL assay, a biochemical assessment, is commonly used to detect DNA fragmentation resulting from cell death. This assay relies on the presence of nicks in the DNA of apoptotic (and some necrotic) cells and the nicks can be identied through catalyzation of the added dUTP (uorescein) by terminal transferase; Caspase-3 plays a central role in the apoptotic cascade as an executioner caspase, and its activation marks a point-of-no-return in the complicated cascade of apoptosis induction. 29, 30 In addition, Bax-Bax homodimers can promote apoptosis and Bcl-2/Bax heterodimers can restrain apoptosis. 31 The Bcl-2/Bax ratio plays an important role in determining whether apoptosis is promoted or inhibited. 32 In accordance with previous studies, SCI produced by clamp force could induce signicant apoptosis both in neurons and glial cells, as demonstrated by these different biochemical assessments.
The mechanisms of induction of apoptosis aer SCI are elusive. Springer J. E. et al. found that upstream and downstream components of the Caspase-3 apoptotic pathway are activated aer traumatic spinal cord injuries in rats and occur early in the neurons and astrocytes adjacent to and distant from the injury site. 33 Inukai T. et al. suggested that overexpression of TNF-a, TNFR1 and TNFR2 participated in apoptosis of oligodendrocytes in the chronically compressed spinal cord. 34 Satake K. et al. found that iNOS may contribute toward apoptosis in damaged area following SCI. 35 Expression of pro-inammatory cytokines also promotes neuronal apoptosis. 36 However, the specic mechanisms of apoptosis following acute SCI remain elusive. Another type of programmed cell death, autophagy, is also involved in the pathological changes aer SCI. It is a highly regulated process which is involved not only in the balance between protein synthesis and degradation, but also in the execution of cell death.
37 LC3 is one of the most reliable markers of autophagy induction, and can be linked with ubiquitinated substrates by p62, a marker of autophagic ux in vivo, thus regulating the selective autophagic clearance of protein aggregates. 27, 38 As a key protein involved in the regulation of autophagy, Beclin-1 is an indispensable protein for subsequent formation of the Beclin-1-Vps34-Vps15 core complex. 39, 40 Some studies have indicated that autophagy protects neurons, reduces neuronal damage and promotes locomotor recovery via inhibition of apoptosis. 14, 15 This perspective was conrmed by the results that rapamycin, which enhances expression of autophagy by inhibiting mTOR, was neuroprotective at the lesion site following SCI. 16, 41, 42 There are also counterviews. Kanno H. et al. found that autophagic cell death was induced in the damaged tissue aer SCI and clearly contribute to neuronal tissue damage aer SCI. 17, 18 Drugs including valproic acid and bisperoxovanadium which can reduce autophagy, promoted functional recovery following SCI. 19, 20 Whether the function of autophagy is protective or detrimental for neural tissue in SCI remains to be elucidated. As to the location of autophagy, we found that autophagy was expressed in both neurons and astrocytes. There are also counterviews. Chen H. C. et al. found that LC3-positive cells were co-localized with neuronal nuclei, but not with glial brillary acidic protein. 22 However, Tang P. et al. demonstrated that both neurons and astrocytes were co-stained with LC3B-II with different start time.
14 Different results may be due to the different types of damage.
SCI treatment strategies targeting apoptosis have been long sought. 43 In the past, MP has been considered benecial aer SCI because of its abilities to inhibit lipid oxidation and hydrolysis, and form active oxygen and free radicals. [44] [45] [46] First report concerning the anti-apoptotic effect of MP was conducted by Ray, which concluded that co-administration of calpeptin and MP in rats immediately aer SCI could reduce apoptosis in the lesion site and adjacent areas via inhibition of calpain activity and inammatory process. 47 In 2006, J. Vaquero et al. also found that early administration of MP could decrease apoptotic cell death, possible mechanisms include changes in the expression of certain genes implicated in apoptosis such as Bcl-2, Caspases, Bcl-x, Bax and p-53. 21 In the present study, we have found that MP treatment could not only decrease apoptotic cell death but also increase autophagy. Negative modulation of apoptosis may be one possible mechanism of the cytoprotective function of autophagy.
Possible mechanisms for the effects of MP treatment include the interactions between Beclin-1 and Bcl-2/Bcl-xL. Beclin-1 is a novel Bcl-2-homology (BH)-3 domain only protein, mainly located in the cytoplasmic structures, including the ER, mitochondria, and the peri-nuclear membrane.
48 Under nutrient-sufficient conditions, Beclin-1 is bound by Bcl-2 or Bcl-xL, inhibiting its ability to initiate autophagy. Anti-apoptotic Bcl-2 family members interact with the BH-3 domain of Beclin-1. 49 During starvation or other stress conditions, however, Bcl-2 and Bcl-xL must be displaced from Beclin-1 to permit autophagy. Previous studies have explored the possible mechanisms of dislocation of Bcl-2 and Beclin-1, which is necessary for induction of autophagy. Possible mechanisms include competitive displacement of Beclin-1 BH3 domain by other Bcl-2 family proteins or translocation of the nuclear protein high-mobility group box 1 (HMGB1) to the cytosol, JNK-mediated phosphorylation of Bcl-2, death-associated protein kinase (DAPK)-mediated phosphorylation of Beclin-1, nutrient-deprivation factor-1 dysfunction, Beclin-1 self-interaction and tumor necrosis factor receptor-associated factor 6-mediated ubiquitination of Beclin-1. [49] [50] [51] [52] [53] [54] [55] [56] In addition, we also found that MP treatment could regulate the interaction between endogenous Bcl-2 and Beclin-1 by altering their total protein levels.
Conclusion
In the present study, we found that the BBB scores were signicantly higher for rats in MP group compared with those in SCI and saline groups. A possible mechanism for this effect In the MP group, the averages of total BBB scores were significantly higher than those in the SCI group and saline group. (*p < 0.05, **p < 0.01, ***p < 0.001; MP vs. saline.)
includes activation of autophagy induced by MP treatment, which could decrease apoptosis, protect neuronal locomotor function and enhance the behavioral recovery of rats.
